Purpose: MRI of cortical bone has the potential to offer new information about fracture risk. Current methods are typically performed with 3D acquisitions, which suffer from long scan times and are generally limited to extremities. This work proposes using 2D UTE with half pulses for quantitatively mapping bound and pore water in cortical bone. Methods: Half-pulse 2D UTE methods were implemented on a 3T Philips Achieva scanner using an optimized slice-select gradient waveform, with preparation pulses to selectively image bound or pore water. The 2D methods were quantitatively compared with previously implemented 3D methods in the tibia in five volunteers. Results: The mean difference between bound and pore water concentration acquired from 3D and 2D sequences was 0.6 and 0.9 mol 1 H/L bone (3 and 12%, respectively). While 2D pore water methods tended to slightly overestimate concentrations relative to 3D methods, differences were less than scanrescan uncertainty and expected differences between healthy and fracture-prone bones. Conclusion: Quantitative bound and pore water concentration mapping in cortical bone can be accelerated by 2 orders of magnitude using 2D protocols with optimized half-pulse excitation. Magn Reson Med 77:945-950, 2017. V C 2017 International Society for Magnetic Resonance in Medicine.
INTRODUCTION
Cortical bone has two main water components that can be imaged using MRI-the water bound to the collagen matrix (bound water) and the water residing in the pore space (pore water) (1) . Because the majority of the signal (from bound water) has a T 2 % 400 ms, ultra-short echo time (UTE) or zero echo time (ZTE) imaging has been used to image cortical bone (2) (3) (4) (5) . Most UTE and all ZTE methods use 3D acquisitions, which puts a lower limit on the scan time for a given field of view (FOV) and resolution. In particular, pulse sequences for bound or pore water imaging that use adiabatic pulses require long scan times due to specific absorption rate constraints. Even with fast bi-component analysis (6) , a scan time on the order of 10 min is required. Thus, despite the potential of bound-/pore-water imaging to evaluate bone fracture risk (7) (8) (9) , the translation of such methods into clinical practice has been hampered by relatively long scan times.
One way to overcome the scan time limitations of 3D UTE is to use a slice selective acquisition and 2D readout. The number of radial k-space spokes required for Nyquist sampling of a single 2D slice is approximately two orders of magnitude lower than the number required for a 3D acquisition. However, slice selective excitation with UTE-MRI is technically challenging. Using a conventional slice selective excitation, the time needed to rephase spins across the slice following the RF pulse limits the shortest achievable echo time. The solution to this problem is to break the RF pulse into two halfpulses and add the complex signals resulting from each (10) . Ideally, the signals from inside the slice add constructively, while the signals outside the slice cancel. With this approach, no spin rephasing is needed and so effective echo times of $100 ms are achievable. However, the efficacy of half-pulse excitation is known to be highly sensitive to gradient waveform inaccuracies, potentially caused by eddy currents, propagation delay, or the response characteristics of the gradient amplifier.
Several techniques have been proposed to overcome the sensitivity of half-pulse excitation to gradient imperfections, including double half-pulses (11), out-of-slice magnetization saturation (12, 13) , a dedicated pre-scan to estimate imperfections (14) , and direct improvement of gradient waveform accuracy (15) . While 2D UTE with half-pulses has been used for quantitative imaging (12, 16, 17) , the challenges associated with its use has limited translation. To date, limited quantitative in vivo 2D UTE studies of bound and pore water imaging have been reported.
Here we report the implementation of optimized halfpulse excitation with T 2 -selective magnetization preparations (5, 18, 19) for fast, quantitative bound and pore water imaging of human cortical bone in vivo. We employed the direct approach of improving half-pulse performance by using an iterative method to pre-distort the slice select gradient to minimize gradient waveform error (20) . This pre-distortion method is fast and simple, and has been implemented as a software tool on our scanner, permitting real-time optimization for any given slice prescription.
METHODS
Five volunteers (24M, 42M, 27M, 35M, 59F) underwent tibia scans on a 3T Philips Achieva scanner, with IRB approval and written informed consent. The adiabatic inversion recovery (AIR) and double adiabatic fast passage (DAFP) methods (5, 18, 19) were used to selectively image bound and pore water, respectively, of the tibia. An 8-channel knee coil was used for signal reception and a short-T 2 reference marker with a known proton concentration was placed in the FOV to allow maps of bound and pore water concentration to be converted to absolute units of mol 1 H/L bone . Both 2D and 3D protocols were run on all subjects.
The 3D sequences were similar to those previously reported (5, 19) . Briefly, every TR period, an AIR or DAFP preparation was implemented using 10-msec, 3.5-kHz HS8 adiabatic pulses, followed by 16 non-selective excitations and acquisitions along center-out radial trajectories in k-space at 3.2 ms spacing. A variable flip angle excitation scheme was used to maintain constant signal amplitude across each of the 16 acquisitions per TR period. Images were acquired with isotropic FOV/ resolution ¼ 200 mm/1.5 mm, and were reconstructed using k-space trajectories that were measured for x-, y-, and z-directions and then interpolated to describe all readout directions. Both 3D AIR and DAFP scans required 33,792 radial acquisitions with TR ¼ 400 ms, resulting in a scan time % 14 min each.
In contrast, the 2D scans used two half-pulse excitations to select a 5-mm slice and 256 radial acquisitions to encode a 200 Â 200 mm FOV with 1.5 mm in-plane resolution, which reduced the scan time to % 14 s each (including 1.3 s of fixed dummy scan time). Aside from the slice selective excitation, the 2D protocols were otherwise essentially identical to the 3D protocols, using the same AIR and DAFP preparations, 16 radial acquisitions per TR, and images were reconstructed using measured read-out trajectories. Golden angle spacing of the radial spokes was added to minimize coherent streaking artifacts. Also, to evaluate the signal-to-noise ratio (SNR) needed for accurate signal quantification, scans were repeated 8Â and images were reconstructed using either 1 (14 s) or 8 (104 s) averages.
The slice selective excitation was implemented using a 550 ms-duration variable rate (21) half-gauss pulse (10) . The slice-select gradient was a bipolar, smoothly varying waveform with a maximum gradient strength of 23 mT/ m, maximum slew rate of 125 mT/m/ms, and maximum acceleration of 1000 mT/m/ms 2 . To make the half-pulse excitation robust to gradient imperfections the sliceselect gradient waveform was optimized for each subject during the scan session using the iterative pre-distortion method described by Harkins et al. (20) and illustrated in Figure 1 . Briefly, using a modified Duyn's method to measure the gradient waveform (22, 23) , the input waveform was iteratively adjusted to minimize the error between the measured and desired waveforms. The process converged in 3-5 iterations, requiring less than 1 min per iteration, and resulted in 0.2% average rootmean-squared-error between the ideal and measured waveforms. Recent studies showed that this optimization improved slice profiles for 2D UTE across a range of echo times (24) . Also, to further suppress out-of-slice signal in the DAFP scans, saturation slabs-the REigonal Saturation Technique (REST) in Philips software-were implemented once per TR immediately prior to the excitation train. These were not added in the AIR scans because (i) out-of-slice signal contamination was less of an issue, as the bone signal intensity was similar or greater to the surrounding muscle and fat, and (ii) to avoid potential unwanted magnetization transfer effects between bound water signal and macromolecular content. The 2D slice profiles, with and without gradient optimization and saturation slabs, were measured in a CuSO4 phantom by combining the 2D excitation scheme with the full 3D UTE readout.
Bound and pore water concentration maps were calculated from both 2D and 3D AIR and DAFP images using previously defined signal equations (19) . With the 3D scans, TE was defined as the time from the center of the RF pulse to the start of acquisition (25) . For the 2D scans, the TE was defined from the end of the pulse to the start of acquisition, because signal loss due to T 2 during the RF pulse is negated by the concomitant broadening of the slice profile (25, 26) . To compare similar volumes of tissue, a slab of 3D data corresponding to the location and thickness of the 2D slice was extracted. From there, mean concentration was tabulated from each map by manually defining one large region of interest (ROI) of cortical bone. Because the 2D images had relatively low SNR, the Rician noise bias needed to be accounted for in estimation of each ROI mean value. The mean concentration, l, was estimated as
, where m B is the measured mean signal in the bone and r is an estimate of the standard deviation of the added noise (27) . The mean of a background ROI, m N , was measured and used to estimate s 2 , as s 2 ¼ m 2 N =ðp=2Þ. Differences between 2D and 3D maps were calculated on a subject-by-subject basis, and reported both in units of mol 1 H/L bone and as a percent error. Along with mean differences (d), the standard deviation (s) and limits of agreement (d61:96s) (28) were computed and displayed on Bland Altman plots. The SNR ( m B /s) needed for reliable bound and pore water measurement was also evaluated. Figure 2 shows the effect of gradient waveform optimization and out-of-slice saturation on experimentally measured slice profiles of a CuSO 4 phantom imaged with the 2D sequence without DAFP or AIR preparation. Before gradient optimization or out-of-slice saturation, the total out-of-slice signal per voxel was % 20% of the in-slice signal. Adding out-of-slice saturation alone reduced this value to % 9.2%, while the gradient optimization dropped it to % 3.8%. When used together, the out-ofslice signal dropped to % 3.3%. Figure 3 shows representative raw 2D AIR and DAFP images of the tibia and corresponding images from the 3D volumes. Qualitatively, the image contrasts look similar, although the 2D images have higher noise variance, as expected. In one subject, RF spiking was present, so the artifacts were removed from k-space using a robust principal component analysis algorithm before reconstruction (29) . Figure 4 shows the bound and pore water maps resulting from the AIR and DAFP images in Figure  3 . These maps show good qualitative agreement between 2D and 3D acquisitions, and analysis of the SNR values 1 H/L bone for pore water concentration. These levels of per-subject precision indicate that differences observed between the 2D and 3D maps was due to more than just thermal noise; however, the range of the limits of agreement were still approximately equal to previously reported inter-study standard errors (% 2 mol 1 H/L bone ) for 3D imaging of both bound and pore water concentrations (5) . Note also that one of the five subjects had clinically diagnosed osteoporosis and exhibited bound and pore water concentrations that differed from the other subjects by much more that the inter-subject standard error or limits of agreement between 2D and 3D measures.
RESULTS

DISCUSSION
The results demonstrate that 2D UTE with suitable halfpulse excitation can provide measures of bound and pore water concentration in bone that are effectively equivalent to those from previously established 3D protocols. The primary benefit of 2D compared with 3D protocols is a substantially reduced scan time, from % 30 min to as low as % 30 s for both bound and pore water mapping. This comparison may somewhat overstate the speed advantages of 2D, because 3D scans can, in principle, be accelerated by methods such as compressed sensing or by using an anisotropic FOV. Nonetheless, it is unlikely that accelerated 3D scan times will be as short as those of the 2D methods presented here. Also, it remains to be determined if both bound-and pore-water concentrations need to be measured independently. If not, then a factor of 2Â acceleration results from using only DAFP or AIR (or through bi-component analysis, which fits only the ratio of the two signals, (6)). In this case although, the relative scan time acceleration of 2D vs 3D remains the same.
Reduced scan times are not only efficient, they also open the door to scanning multiple bone sites in a single session, and are more accommodating to a wider population, particularly patients who may not be capable of handling long scan times. Likewise, the scan time benefits of 2D offer the potential to implement methods that would require impractical scan durations with 3D acquisitions, such as high resolution protocols over a large FOV, as would be needed to map bound and pore water in the femoral neck or vertebral bodies. In addition to practical benefits, the faster scans will allow for pulse sequence variations and experimental studies that require a longer repetition time or multiple acquisitions. For example, with a longer TR, it may be possible to implement more complicated and effective T 2 -selective preparations. Similarly, with additional scans it may be possible to include patient-specific T 1 measurements to find the optimal inversion time for the AIR scans, or rapidly measure bi-exponential T Ã 2 signal decay as an alternative approach to characterizing bound and pore water content in cortical bone (8) .
The shift from 3D to 2D protocols does not come without costs. Most obviously, 2D UTE protocols acquire image data only over a single slice. However, based on two recent studies, this does not appear to be a significant limitation in long bones, at least. Bound and pore water imaging of the radius and tibia in vivo (5) show little variation of concentrations along the length of the mid-shaft. Likewise, in a study of cadaver radii (9) , correlations between bound and pore water concentrations and the bone material properties did not change significantly in measures found from different axial slices between the 25 and 50% locations of the distal mid-shaft.
The other obvious cost of 2D compared to 3D is the loss of SNR, which presents two challenges. First, with the fastest 2D scan times and, therefore, lowest SNR, these methods are applicable only in regions such as the tibia where relatively large voxels and large ROIs can be evaluated. Second, when computing the mean signal over an ROI from a map with relatively low SNR, one must take care to account for the Rician noise characteristics. In this study, using only simple ROI means (not shown) from the single-average (14 s) scans resulted in systematic errors of % 15 and 30%, for bound and pore water concentrations, respectively. In scans performed with 8 averages, these errors dropped to % 4 and 19%.
The primary challenge of effectively implementing 2D UTE for quantitative studies is producing robust slice selective excitation in the presence of gradient waveform imperfections, including propagation delay, eddy currents, and transient response characteristics of the gradient amplifiers. In this study, an iterative pre-distortion method (Fig. 1 ) was used to optimize the gradient waveform (20) , and, for pore water imaging, out-of-slice saturation was also used. While these methods reduced outof-slice signal substantially, it was not reduced to zero and likely remains the primary source of difference between the 2D and 3D measures. This is particularly true for pore water images, because surrounding tissues have relatively long T 2 s and, consequently, high signal intensities in the DAFP sequence. In contrast, the long-T 2 signal suppression of the AIR sequence also reduces signal intensity of other tissues and, consequently, mitigates the effect of out-of-slice signal contamination.
Ultimately, the 2D and 3D scans provided effectively identical results. The 95% limits of agreement are similar in range to the inter-study standard error and small relative to the differences between the measures from the osteoporotic subjects and young healthy controls. For example, previous 3D studies have found mean bound and pore water concentrations of 28 and 7 mol 1 H/L bone in young and healthy tibia (5), compared with values of 17 and 14 mol 1 H/L bone in tibia of osteoporotic subjects (30) . More studies are necessary to translate bound and pore water imaging into clinical practice, but the substantial reduction in scan time demonstrated here removes one significant hurdle.
